Objective-Core2 1-6-N-glucosaminyltransferase-I (C2GlcNAcT-I) modification of adhesion molecules is required for optimal binding to target ligands. The objective of this study was to determine the role of C2GlcNAcT-I in the recruitment of Ly-6C hi monocytes to atherosclerotic lesions and in lesion formation in mice. Methods and Results-In a whole-blood binding assay, Ly-6C hi monocytes and certain lymphocytes and natural killer cells from wild-type mice bound to P-and E-selectin. C2GlcNAcT-I deficiency abrogated leukocyte binding to P-and E-selectin in this assay as well as in an in vitro flow chamber assay. Moreover, C2GlcNAcT-I deficiency decreased Ly-6C hi monocyte interactions with atherosclerotic arteries under physiological flow conditions and also inhibited monocyte recruitment to the peritoneal cavity in mice challenged with thioglycollate. In apolipoprotein E-deficient (apoE Ϫ/Ϫ ) mice, lack of C2GlcNAcT-I resulted in fewer and smaller atherosclerotic lesions in mouse aortas. Atherosclerosis was also suppressed in C2GlcNAcT-I Ϫ/Ϫ /apoE Ϫ/Ϫ chimeric mice transplanted with C2GlcNAcT-I ϩ/ϩ bone marrow cells.
A dhesive interactions of leukocytes and platelets with cells of the blood vessel wall have long been known to play a crucial role in the development of atherosclerosis. 1, 2 Cell-cell interactions are mediated by a wide variety of adhesion molecules, including P-, E-, and L-selectins as well as P-selectin glycoprotein ligand 1 (PSGL-1), CD43, CD44, ␤ 2 integrins, and a 4 b 1 , and many others. Most adhesion molecules, such as PSGL-1, CD43, and CD44, are glycoproteins that are modified by Core2 1-6-N-glucosaminyltransferase-I (C2GlcNAcT-I). The role of these C2GlcNAcT-I-modified adhesion molecules in cell-cell interactions has been extensively studied. [3] [4] [5] [6] [7] Ly-6C hi monocytes are key contributors to the development of atherosclerosis in mice. 8 Our recent work has demonstrated that PSGL-1 is highly expressed on Ly-6C hi monocytes and is a major determinant for Ly-6C hi monocyte recruitment to sites of atherosclerosis in mice. Deficiency of PSGL-1, a C2GlcNAcT-I-modified molecule, dramatically inhibits the formation of spontaneous atherosclerotic lesions and neointima formation after arterial injury in apoE Ϫ/Ϫ mice. 9 The role of C2GlcNAcT-I deficiency in monocyte homing to the arterial wall and the formation of atherosclerotic lesions has not been studied, however.
PSGL-1 contains sialylated and fucosylated oligosaccharides (O-glycans) and has at least one sulfated tyrosine near the N terminus. 10, 11 Attachment of the O-glycan to PSGL-1 requires C2GlcNAcT-I, and this modification is crucial for optimal binding of PSGL-1 to selectins as demonstrated by in vitro gene transfer studies. 12, 13 The role of C2GlcNAcT-I in leukocyte homing varies under different pathological conditions. For example, C2GlcNAcT-I Ϫ/Ϫ mice are defective in eosinophil and neutrophil trafficking to the peritoneum but not to the lung. 14 Therefore, the role of C2GlcNAcT-I in the regulation of Ly-6C hi monocyte PSGL-1 binding, monocyte recruitment, and formation of atherosclerotic lesions in vivo remains to be clarified.
Here, we used Ly-6C hi monocytes from C2GlcNAcT-I Ϫ/Ϫ mice to examine the role of C2GlcNAcT-I in the regulation of monocyte homing. We bred C2GlcNAcT-I Ϫ/Ϫ mice with apoE Ϫ/Ϫ mice to generate C2GlcNAcT-I Ϫ/Ϫ /apoE Ϫ/Ϫ double knockout mice and their controls. Using these mice, we investigated the effect of loss of C2GlcNAcT-I on atherosclerotic lesion size and on characteristics associated with the stability of atherosclerotic human lesions in apoE Ϫ/Ϫ mice. Furthermore, using chimeric mice generated through bone marrow transplantation, we determined whether C2GlcNAcT-I in bone marrow-derived cells or blood vessel wall cells plays a role in monocyte homing and formation of atherosclerotic lesions.
Methods

Mice and Atherosclerotic Models
C2GlcNAcT-I Ϫ/Ϫ mice 15 were back-crossed to C57BL/6J mice more than 10 times and then bred with apoE Ϫ/Ϫ mice to generate C2GlcNAcT-I Ϫ/Ϫ /apoE Ϫ/Ϫ mice and littermate controls. Male and female mice in each group were fed either a Western diet for 3 months or a standard chow diet for 6 months, and then were euthanized for the collection of aortas. To generate chimeric mice lacking C2GlcNAcT-I in vessel wall cells or bone marrow-derived cells, mouse bone marrow transplantation was performed as described. 16 To initiate rapid development of atherosclerosis in chimeric mice, these mice were fitted with perivascular carotid collars as described. 17 The abnormal hemodynamics generated by collar placement led to the rapid formation of site-controlled atherosclerotic lesions in the area proximal to the collar.
All animal experiments and care were approved by the University of Minnesota Animal Care & Use Committee, in accordance with the guidelines of the Association for Assessment and Accreditation of Laboratory Animal Care.
Binding of E-and P-Selectin to Ly-6C hi Monocytes
All antibodies were obtained from BD Biosciences unless otherwise specified. To measure E-and P-selectin binding to Ly-6C hi monocytes, mouse whole blood was heparinized and incubated with E-or P-selectin-IgG fusion protein, followed by incubation with allophycocyanin (APC)-conjugated goat antihuman IgG. After labeling with a cocktail of monoclonal antibodies (mAbs) against CD11b, Ly-6C and nonmonocyte lineage markers (CD11b, CD90, B220, CD49b, NK1.1, and Ly-6G), Ly-6C hi monocytes were gated by flow cytometry on a fractional area change (FAC)-Scan as described. 8 The intensity of APC fluorescence in cells expressing Ly-6C hi was regarded as a measure of the amount of P-or E-selectin binding to mouse inflammatory monocytes. Similar procedures were also used to determine P-selectin binding to T cells or natural killer (NK) cells. HA-FL was used to determine the binding functions of monocytes and macrophages. The reagent was kindly provided by Dr Pauline Johnson at University of British Columbia (Vancouver, Canada) and Dr Mark Siegelman at the University of Texas Southwestern Medical Center, Dallas.
Ly-6C hi Monocyte Interactions With a Selectin-Coated Surface Under Flow Conditions
To obtain a sufficient number of Ly-6C hi and Ly-6C lo monocytes for the monocyte-selectin interaction assay, cells were isolated from mouse spleens and incubated with a cocktail of mAbs against CD11b, Ly-6C, and nonmonocyte lineage markers. Then Ly-6C hi and Ly-6C lo monocytes were sorted from the CD11b hi CD90 lo B220 lo CD49b lo NK1.1 lo Ly-6G lo population by flow cytometry as described. 8 An in vitro flow chamber assay was carried out as described. 18
Ly-6C hi Monocyte Interactions With Atherosclerotic Artery Endothelium
As described, 6-week-old male apoE Ϫ/Ϫ mice were fed a Western diet for 8 weeks. Then mouse carotid arteries were isolated from these mice and used for preparation of ex vivo perfusion models. 19 Spleens of 8-to 12-week-old male wild-type and C2GlcNAcT-Ideficient mice were obtained and used to prepare cell suspensions. 9 Ly-6C hi and Ly-6C lo monocytes were sorted from the cell suspensions, labeled with calcein AM and then infused into the carotid arteries at a rate of 10 mL/min (1ϫ10 6 cells/mL), resulting in a wall shear stress of 3.0Ϯ0.1 dyn/cm 2 . Cell rolling and adhesion were recorded on videotape by stroboscopic epifluoresence illumination with an intravital microscope.
Interactions of Selectin-Coated Microbeads With Atherosclerotic Arteries In Vivo
Microbeads coated with P-or L-selectin-IgG were prepared as described. 5 After injection of coated microbeads via a jugular catheter, microbead interactions with atherosclerotic carotid arteries were observed by intravital microscopy with a saline immersion objective and stroboscopic epifluoresence illumination, as described. 20
Preparation of Mouse Aortas and Quantification of Atherosclerosis
Aortas of atherosclerotic mice were collected, and either en face preparations of whole aortas or cross-sections of aortic sinuses were processed for oil red O staining. 20 To analyze atherosclerotic lesions formed in carotid arteries in the perivascular carotid collar model, arteries proximal to the collar placement area were cross-sectioned and stained with oil red O as described. 17 Images obtained from the above experiments were scanned into a Macintosh computer and analyzed with Image-ProPlus.
Histological Analysis of Atherosclerotic Lesions
Using specific antibodies, immunostaining for the expression of macrophage Mac-2, smooth muscle cell ␣-actin, and tissue factor (TF) was performed on paraffin sections of atherosclerotic aortic sinuses. Movat staining was performed to show the necrotic areas on cross-sections of atherosclerotic lesions. A Masson trichrome kit was used to stain collagen.
Statistical Analysis
Statistical analysis was performed with Instat software. Data are presented as meansϮSEM. Atherosclerotic lesion data passed tests for normality and were analyzed with 1-way ANOVA followed by a Bonferroni correction posthoc test. Other data were evaluated with the same test or a Student t test to evaluate 2-tailed levels of significance. The null hypothesis was rejected at PϽ0.05.
Results
C2GlcNAcT-I-Deficient Leukocyte Binding to Selectins Under Static Conditions
To evaluate the role of C2GlcNAcT-I in binding of inflammatory monocytes to selectins under static conditions, we gated the monocyte population in whole blood using flow cytometry with a cocktail of mAbs against nonmonocyte lineage markers. Wild-type monocytes did not differ from C2GlcNAcT-I-deficient monocytes in the level of PSGL-1 expression (supplemental Figure Ia , available online at http:// atvb.ahajournals.org). Almost all Ly-6C hi monocytes in the blood of wild-type mice were able to bind P-and E-selectin, whereas Ly-6C hi monocytes in C2GlcNAcT-I Ϫ/Ϫ mice could not (supplemental Figure Ib and Ic), similar to the results obtained for wild-type monocytes pretreated with EDTA or 4A10, an antibody against PSGL-1 (data not shown). The lack of C2GlcNAcT-I did not alter the expression of other important homing molecules, including L-selectin, LFA-1, VLA-4, and CCR2 (supplemental Figure IIa In addition to monocytes, many other white blood cells, such as T cells, B cells, and NK cells, participate in atherosclerosis. [21] [22] [23] In wild-type mice, about 11% of circulating CD3 lymphocytes and 32% of NK cells bound to P-selectin under static conditions. In C2GlcNAcT-I Ϫ/Ϫ mice, however, the percentage of binding dropped to 3% and 10%, respectively (supplemental Figure Id and Ie).
Homing Ability of C2GlcNAcT-I-Deficient Ly-6C hi Monocytes Under Flow Conditions
Because Ly-6C hi monocytes are major contributors to atherosclerosis, we evaluated the role of C2GlcNAcT-I in the regulation of Ly-6C hi monocyte binding to selectins under flow conditions. Sorted wild-type and C2GlcNAcT-I Ϫ/Ϫ Ly-6C hi monocytes were perfused over surfaces coated with mouse P-selectin/IgG, mouse E-selectin/IgG, or human Lselectin/IgG chimera under flow conditions. Many more wild-type than C2GlcNAcT-I-deficient Ly-6C hi monocytes rolled on the surfaces coated with P-, E-, or L-selectin at shear stresses ranging from 1 to 4 dyn/cm 2 (Figure 1a through 1c ). Wild-type Ly-6C hi cells rolled more stably on the selectincoated surfaces than C2GlcNAcT-I-deficient cells. Rolling was dependent on PSGL-1 and selectin, as mAbs against PSGL-1, P-, E-, or L-selectin reduced the number of rolling cells to the basal levels observed on surfaces coated with control reagents (data not shown).
To test whether C2GlcNAcT-I deficiency affected monocyte interactions with early atherosclerotic endothelium, we used an established ex vivo carotid artery perfusion model.
Compared with wild-type Ly-6C hi monocytes, fewer C2GlcNAcT-I-deficient Ly-6C hi monocytes rolled on atherosclerotic endothelium at a shear stress of 3 dyn/cm 2 (Figure 1d ). Consequently, a significant decrease in C2GlcNAcT-I-deficient Ly-6C hi monocyte adhesion on atherosclerotic endothelium was found at all time points compared to wild-type Ly-6C hi monocytes (Figure 1e ).
A mouse model for peritonitis allows testing of Ly-6C hi monocyte infiltration into the peritoneal cavity. Using this model, we further determined whether C2GlcNAcT-I deficiency affects Ly-6C hi monocyte recruitment to the peritoneal cavity. We found that the number of macrophages in peritoneal cavities was reduced by half in C2GlcNAcT-I-deficient mice compared to wild-type mice at different time points after peritoneal injection of thioglycollate (supplemental Figure III ).
Decreased Size of Atherosclerotic Lesions in C2GlcNAcT-I-Deficient Mice
To determine the role of C2GlcNAcT-I in the formation of atherosclerotic lesions in vivo, C2GlcNAcT-I Ϫ/Ϫ /apoE Ϫ/Ϫ mice and their littermate apoE Ϫ/Ϫ mice were fed a chow diet for 6 months or a Western diet for 3 months. Neither body weight nor the number of circulating leukocytes differed between animals of the different genotypes (supplemental Table I ), although there was an insignificant difference in the white blood cell counts and blood LDL-cholesterol levels between the 2 genotypes fed a Western diet. Lipid profiles of mice fed the same diet were similar regardless of genotype (supplemental Table II ). Micrographs of cross-sections of the aortic sinuses showed that atherosclerotic lesions were more prevalent in apoE Ϫ/Ϫ mice than in C2GlcNAcT-I Ϫ/Ϫ / apoE Ϫ/Ϫ mice (Figure 2a ). The average sizes of aortic sinus lesions were 3.4ϫ10 5 and 5.2ϫ10 5 m 2 for apoE Ϫ/Ϫ mice on a 6-month chow diet and 3-month Western diet, respectively, whereas average lesion sizes decreased to 1.8ϫ10 5 and 2.2ϫ10 5 m 2 , respectively, for C2GlcNAcT-I Ϫ/Ϫ /apoE Ϫ/Ϫ mice on these diets (Figure 2a ). This is a reduction of 47% and 58% in the average size of atherosclerotic lesions in C2GlcNAcT-I-deficient mice fed the 2 diets. In longitudinal sections of the aorta, lesions in apoE Ϫ/Ϫ mice fed a chow diet for 6 months or a Western diet for 3 months covered 7.6% and 19.2% of the aortic surface, respectively (Figure 2b and  2c) . In contrast, only 5.2% and 5.8% of the aortic surface was covered with lesions in C2GlcNAcT-I Ϫ/Ϫ /apoE Ϫ/Ϫ mice fed a chow or Western diet, respectively (Figure 2b and 2c) . Depending on the dietary regimen, therefore, C2GlcNAcT-I deficiency reduced formation of atherosclerotic lesions in aortas by 32% or 70% as assessed by en face staining (Figure 2c ).
Inflammatory Status of Atherosclerotic Lesions in C2GlcNAcT-I-Deficient Mice
We next compared the cellular components of atherosclerotic lesions in histological cross-sections of the aortic sinus. Macrophages and foam cells were the major inflammatory cell components in lesions of apoE Ϫ/Ϫ mice, and were mainly located in the cap and shoulders of lesions (Figure 3a were often seen in the root of lesions of apoE Ϫ/Ϫ mice on a chow diet (Figure 3c , first panel). In apoE Ϫ/Ϫ mice on a Western diet, however, necrotic cores were more commonly observed in lesions, and the cores were much larger ( Figure  3c , third panel). In lesions of C2GlcNAcT-I Ϫ/Ϫ /apoE Ϫ/Ϫ mice, necrotic cores were very rarely observed (Figure 3c , second and fourth panels). The necrotic core occupied 3.8% and 9.9% of the lesion areas of cross-sections of atherosclerotic arteries in C2GlcNAcT-I Ϫ/Ϫ /apoE Ϫ/Ϫ mice fed different diets, whereas these percentages in apoE Ϫ/Ϫ mice were 9.9% and 25.8%, respectively (Figure 3c, fifth panel) . We also observed increases in collagen content in lesions of C2GlcNAcT-I Ϫ/Ϫ /apoE Ϫ/Ϫ mice. Staining of lesions of apoE Ϫ/Ϫ mice with Masson trichrome revealed a very low overall collagen level in cross-sections of atherosclerotic arteries, with especially weak collagen staining of necrotic core areas and areas enriched with macrophages ( Figure 3d , first and third panels). In lesions of C2GlcNAcT-I Ϫ/Ϫ / apoE Ϫ/Ϫ mice, strong collagen staining was found in both lesion and vessel wall areas (Figure 3d , second and fourth panels). Quantification showed that areas with significant levels of collagen staining in lesions of C2GlcNAcT-I Ϫ/Ϫ / apoE Ϫ/Ϫ mice were 4 times larger than areas of significant staining in lesions of apoE Ϫ/Ϫ mice (Figure 3d, fifth panel) .
C2GlcNAcT-I in Blood Vessel Wall Cells Participates in Atherosclerosis
In addition to leukocytes, vascular wall cells also express C2GlcNAcT-I. 24 To determine the effect of C2GlcNAcT-I expressed by vessel wall cells on the adhesiveness of the atherosclerotic arterial wall, we injected selectin-coated fluorescent microbeads into mice that had atherosclerotic carotid arteries. Epifluoresence microscopy revealed that microbeads coated with L-selectin interacted with atherosclerotic carotid arteries of apoE Ϫ/Ϫ mice but not with those of C2GlcNAcT-I Ϫ/Ϫ /apoE Ϫ/Ϫ mice (Figure 4a ). Most of these interactions were characterized as tethering and rolling. Similar interactions were observed when injected beads were coated with P-selectin ( Figure 4b ). Control microbeads coated with bovine serum albumin flowed through atherosclerotic arteries of apoE Ϫ/Ϫ mice without visible interactions (data not shown).
To dissect the role of C2GlcNAcT-I in vessel wall cells or bone marrow-derived cells in the formation of atherosclerotic lesions, we generated chimeric mice by transplanting bone marrow from C2GlcNAcT-I Ϫ/Ϫ /apoE Ϫ/Ϫ mice to apoE Ϫ/Ϫ and C2GlcNAcT-I Ϫ/Ϫ /apoE Ϫ/Ϫ mice or bone marrow from apoE Ϫ/Ϫ mice to C2GlcNAcT-I Ϫ/Ϫ /apoE Ϫ/Ϫ mice. A perivascular carotid collar model was used on these mice to rapidly initiate atherosclerosis in carotid arteries. The size of atherosclerotic lesions in chimeric apoE Ϫ/Ϫ mice without C2GlcNAcT-I in vessel wall cells or bone marrow-derived cells was reduced by 33% and 70% compared with that of control mice (Figure 4c) . A similar effect on atherosclerotic lesion size was also observed in aortic sinuses of these chimeric mice (Figure 4e ). Assessment of the cellular components in lesions showed fewer macrophages in the lesions of mice lacking either C2GlcNAcT-I in vessel wall cells or C2GlcNAcT-I in bone marrow-derived cells than in lesions of control mice (Figure 4d ). This indicates that C2GlcNAcT-I in vessel wall cells also plays a role in monocyte recruitment and the formation of atherosclerotic lesions, although it is modest compared to that in bone marrow-derived cells.
Discussion
Monocyte recruitment to the arterial vessel wall was severely compromised in C2GlcNAcT-I-deficient mice. Consequently, atherosclerosis was dramatically inhibited. Thus, C2GlcNAcT-I may be a strong candidate for therapeutic targeting to limit the pathogenesis of atherosclerosis. The deficiency of C2GlcNAcT-I in C2GlcNAcT-I Ϫ/Ϫ mice led to compromised PSGL-1 function and consequent decreased monocyte interaction with atherosclerotic arteries. Additionally, the lack of C2GlcNAcT-I-modified molecules on the vessel wall may also be responsible for the observed reduction in monocyte recruitment in C2GlcNAcT-I showed that the function of endothelial L-selectin ligand requires C2GlcNAcT-I activity. 5 Monocyte recruitment is also facilitated by P-selectin-mediated platelet-endothelial interactions. 20, 25 PSGL-1 may be an endothelial ligand for platelet P-selectin on the arterial wall 26, 27 . C2GlcNAcT-I deficiency in vessel wall cells, therefore, may compromise L-selectin-mediated monocyte homing and P-selectin-mediated platelet adhesion.
Other molecules, such as CD34, CD43, and CD44, are also modified by C2GlcNAcT-1. 28 In CD34-and CD43-deficient mice, no change in recruitment of neutrophils and monocytes to inflammatory sites has been found. 29, 30 CD44 is an E-selectin ligand. However, its contribution to E-selectin binding is minor (supplemental Figure IVb) . Hyaluronan (HA) is another major ligand for CD44 and binding of HA to CD44 mediates macrophage migration to atherosclerotic arteries. 31 We found that inflammatory-activated macrophages but not monocytes were able to bind HA (supplemental Figure V ). This was not affected by a deficiency of C2GlcNAcT-1 (supplemental Figure Vc) , indicating that CD44/HA binding-mediated macrophage migration in C2GlcNAcT-I Ϫ/Ϫ /apoE Ϫ/Ϫ mice was not affected by lack of the C2GlcNAcT-1 modification to CD44. Therefore, PSGL-1 is the dominant molecular target of C2GlcNAcT-I in its contribution to the formation of atherosclerotic lesions.
The level of inflammation in lesions, a major factor in controlling the stability of atherosclerotic lesions, 32 is suppressed in C2GlcNAcT-I Ϫ/Ϫ /apoE Ϫ/Ϫ mice. This may be attributable to inhibition of monocyte homing to lesions in C2GlcNAcT-I Ϫ/Ϫ /apoE Ϫ/Ϫ mice, as well as decreased inflammatory reactions in C2GlcNAcT-I-deficient monocytes/ macrophages. Monocyte PSGL-1 activates the NF-B pathway. 33 Many cells in atherosclerotic lesions express P-selectin, such as smooth muscle cells and macrophages, in addition to endothelial cells and platelets. 34 Thus, we hypothesize that P-selectin/PSGL-1-mediated inflammatory reactions may occur in atherosclerotic lesions and be important for determining the inflammatory status of these lesions.
The observed significant inhibition of atherosclerosis in C2GlcNAcT-I Ϫ/Ϫ /apoE Ϫ/Ϫ mice strongly suggests a role for C2GlcNAcT-I in the development of atherosclerotic lesions. A study is needed to determine whether inhibition of C2GlcNAcT-I activity can suppress the growth of advanced atherosclerotic lesions, as this is the stage at which most patients are diagnosed with atherosclerosis. Such a study is necessary because deficiency in the monocyte homing molecule CCR2 in bone marrow-derived cells does not stop the growth of established atherosclerotic lesions, 35 although robust suppression of early atherosclerosis is observed in CCR2/apoE Ϫ/Ϫ mice. 36 Furthermore, healthy and normally functioning macrophages appear to be beneficial during regression of atherosclerosis. 37, 38 Further study is required to clarify whether inhibition or knockout of C2GlcNAcT-I interferes with macrophage functions essential for lesion shrinkage. In addition, as shown by our present results, C2GlcNAcT-I knockout affects the PSGL-1 binding functions of T cells and NK cells. Thus, patients treated with prospective inhibitors of C2GlcNAcT-I for long periods could become immunocompromised. Clearly, this issue must be addressed before considering the use of C2GlcNAcT-I inhibitors for treatment of atherosclerosis.
